The power conversion efficiency of photovoltaic cells based on the use of hybrid halide perovskites, CH 3 NH 3 PbX 3 (X = Cl, Br, I), now exceeds 20%. Recently, it was suggested that this high performance originates from the presence of ferroelectricity in the perovskite, which is hypothesized to lower charge recombination in the device. Here, we investigate and quantify the influence of mesoscale ferroelectric polarization on the device performance of perovskite solar cells. We implement a 3D drift diffusion model to describe the solar cell operation. To account for the mesoscale ferroelectricity, we incorporate domains defined by polarization strength, P, in 3D space, forming different polarization landscapes or microstructures. Study of microstructures with highly-ordered polarized domains shows that charge transport and recombination in the solar cell depends significantly on the polarization landscape viz. the orientation of domain boundaries and the size of domains. In the case of the microstructure with random correlated polarization, a realistic scenario, we find indication of the existence of channels for efficient charge transport in the device which leads to lowering of charge recombination, as evidenced by the high fill factor (FF). However, the high open-circuit voltage (V OC ), which is typical of high performance perovskite solar cells, is unlikely to be explained by the presence of ferroelectric polarization in the perovskite.
Introduction
Photovoltaic cells based on the use of hybrid halide perovskites, CH 3 NH 3 PbX 3 (X = Cl, Br, I), have recently attracted great interest. [1] [2] [3] [4] These materials show desirable properties for use in solar cells, such as, favorable direct band gap, large absorption coefficient, high ambipolar charge mobilities, and long charge diffusion lengths. [5] [6] [7] As a result, there has been a dramatic rise in their power conversion efficiency from 3.8% in 2009, 5 to 19% in 2015, 8 and a certified value of 20.1%. 9 This excellent performance also derives from the finding that, in perovskite solar cells (PSC), the recombination of charge carriers is significantly low. 10 Ferroelectricity has been hypothesized to play a key role in reducing charge recombination, 11, 12 and therefore is of considerable interest for further investigation.
In the context of photovoltaics, ferroelectricity has been extensively studied in inorganic materials, including inorganic perovskites. [13] [14] [15] [16] [17] [18] [19] A number of effects have been attributed to the ferroelectric nature of these materials such as the above band gap voltages and their switchable behavior. 17, 18, 20 In these materials, the photovoltaic effect arises from charge separation at ferroelectric domain boundaries to generate a photocurrent. 18, 19 Recently, ferroelectricity has also been observed experimentally in hybrid halide perovskites, where sizeable (1100 nm) ferroelectric domains were shown to exist in CH 3 NH 3 PbI 3 films. 21 These ferroelectric domains are typically characterized by polarization resulting from the tetragonal PbX 6 cage, halide ion off-centering and the methylammonium (MA = CH 3 NH 3 ) cation orientation. 22, 23 Theoretical calculations showed that the orientation of molecular cations gives rise to an electrostatic landscape which can form internal pathways for efficient charge separation and transport in hybrid perovskites. 11, 24 On a mesoscale, it was suggested that the domain boundaries in hybrid perovskites can act as channels for charge transport. 12 While, Frost and Liu et al.
provide a key insight into the properties of hybrid halide perovskites, 11, 12 a quantitative influence of ferroelectricity on the device performance of PSCs is still lacking. The origin of the low charge recombination found in PSCs can be said to be due to: (a) the excellent material properties, such as the high carrier mobilities and their long diffusion lengths, which then translates into an intrinsically low recombination strength of the perovskite, or (b) the creation of channels for efficient carrier transport resulting from ferroelectric polarization in perovskite, which then lowers the apparent recombination strength of the perovskite, or (c) a combination of both. In this context, it would therefore be of great interest to study the effect of ferroelectricity on the device characteristics of PSCs and clarify its role in the lowering of the apparent charge recombination strength.
In this paper, we report the influence of mesoscale ferroelectric polarization on the device performance of PSCs. We implement a three dimensional (3D) drift diffusion model to describe charge generation, transport and recombination in the device. The model also takes into account the mesoscale ferroelectricity by establishing domains defined by the polarization, P, in 3D space. Initially, we study two highly-ordered microstructures, with domain boundaries parallel and perpendicular to the electrodes respectively. Next, we study the realistic scenario of a microstructure with random correlated polarization, which can be envisaged as a composite of the two highly-ordered microstructures. To quantify the contribution of the ferroelectric polarization to the device performance in the context of charge recombination, we investigate the following cases: (a) high recombination strength plus the ferroelectric polarization and, (b) low recombination strength.
We show that the device performance depends significantly on the domain boundary orientation and the domain size. Ordered domains parallel to the electrodes and having net polarization direction along the thickness of the device, results in poor device performance as electrons and holes buildup at the domain boundaries and eventually recombine to give low fill factor (FF), with marginal improvement in open-circuit voltage (V OC ). A device with ordered domains perpendicular to the electrodes and having net polarization direction in the plane of the device shows high short-circuit current (J SC ) and FF, as electrons and holes encounter no domain boundaries during their transport toward the electrodes. In the case of random correlated polarization in domains, efficient transport of electrons and holes and their low recombination in the device gives rise to high FFs, which indicates the existence of channels for charge transport. However, a high V OC (relative to the band gap of the perovskite), which is a distinctive feature of PSCs, 25 cannot be explained by mesoscale ferroelectric polarization. Using a simple model to describe the recombination in PSCs in a bimolecular way, we are able to show that, only the consideration of reduction in bimolecular recombination strength is able to successfully describe the high V OC of high performance PSCs.
Results and discussion

Ferroelectric polarization
Ferroelectric materials are characterized by domains that are formed by the distribution of spontaneous polarization in space.
A typical ferroelectric material with domains is shown in Fig. 1 . The component of the polarization perpendicular to the domain boundary gives rise to bound charge at the boundary following 26 r pol = ÀrÁP
where r pol is the bound charge density. This bound charge leads to a depolarizing electric field in the direction opposite to the spontaneous polarization. The depolarizing field can then influence the dynamics of photo-induced charges as in a perovskite solar cell. Therefore, the solar cell performance would depend upon the combined effect of the depolarizing field in domains and the external electric field (bias). The treatment of the bound charge in the simulation to account for the ferroelectric nature of the perovskite is detailed in the next section.
3D drift-diffusion model
The structure of the planar perovskite solar cell used in the device simulation is as shown in Fig. 2 . The crystalline structure of the perovskite is associated with well-defined valence and conduction bands separated by a band gap of 1.5 eV. In a typical planar perovskite solar cell with a p-i-n structure, the interface recombination at the doped hole (p) and electron (n) transport layer is found to be primarily dependent on the interface trap density and the energy level offsets, [30] [31] [32] [33] whereas the recombination in the perovskite absorber (i) layer is an intrinsic material property. Therefore, to exclusively study the charge recombination in the absorber layer, where the ferroelectric polarization is dominant, the p and n layers are not taken into account in the model. In addition, to disregard the role of any interface energy loss on the device performance, the valence band offset and the conduction band offset between anode/perovskite and perovskite/cathode, respectively, are set to 0.0 eV as seen in Fig. 2 . Device structures without a transport layer were recently also studied experimentally, and shown to achieve high efficiencies including high open-circuit voltage. [34] [35] [36] Our formulation of the 3D model is based on the drift-diffusion equations for electrons and holes throughout the device and on solving the Poisson's equation in three dimensions. 37 In the perovskite layer, the absorption of light is shown to create both excitons and free charges. 38, 39 However, owing to the low exciton binding energy (22 meV), 38 we assume the generation of free charges throughout the perovskite absorber. The transport of these free charges is then governed by diffusion and electrically induced drift; for electrons 37 J n = Àqnm n rV + qD n rn,
and for holes
where q is the electronic charge (1.602 Â 10 À19 C), V is the electrostatic potential, n and p are electron and hole concentrations, m n and m p are electron and hole mobilities and, D n and D p are electron and hole diffusion constants respectively. The electrostatic potential is solved from the Poisson's equation
where e is the permittivity of the perovskite and r pol is the bound charge density given by eqn (1). The inclusion of r pol in the Poisson's equation makes it possible to account for the role of mesoscale ferroelectricity in the perovskite. The boundary condition on the electrostatic potential is
where V L and V R are potentials at either electrodes, V applied is the applied voltage, and W anode and W cathode are the anode and cathode work functions, respectively. The electron (hole) density at the electrodes, in case of zero energy offset between the LUMO (HOMO) of the perovskite and the electrodes is given by the density of states, N c/v , for the perovskite. Given the effective mass of charge carriers in the perovskite, m*, the density of states is calculated from the relation
Charge carriers in CH 3 NH 3 PbX 3 can recombine via both, bimolecular and single carrier trapping (Shockley-Read-Hall) mechanism. However, being a direct band gap semiconductor, 5, 41 bimolecular recombination is found to be the dominant recombination process. 42 In addition, experimental works have shown the density of traps to be low, 43, 44 suggesting minor impact on the solar cell performance. In our analysis, we model the charge recombination in the perovskite absorber in a bimolecular way, given by
where g is the recombination rate constant. Owing to the systematic comparison found in the literature between the experimental bimolecular recombination rate in perovskite and the upper limit for bimolecular recombination rate given by the Langevin theory, 10 we express the recombination rate constant g by the modified Langevin expression
where q is the elementary charge, e is the dielectric permittivity of the perovskite, and g pre is the pre-factor that quantifies the reduction in Langevin type bimolecular recombination.
Device parameters
The parameter estimates for the device used in our simulation are shown in Table 1 . Our calculations are based on a cell consisting of lead tri-halide perovskite (CH 3 NH 3 PbX 3 ) as an absorber. The thickness of the perovskite absorber layer is assumed to be 300 nm which is typical for high performance perovskite solar cells. 27 The generation of free charges, G = . The polarization in the perovskite is induced by the spontaneous feature i.e. the rotating methylammonium ions (MA) and the permanent PbX 3 cage. Theoretical studies have estimated the value of the polarization density for the ferroelectric phase at room temperature to be a few mC cm
À2
. 23, 48 To examine the effect due to the permanent polarization on the photovoltaic working mechanism of perovksite solar cell, we initially perform calculations by considering a small polarization value of 0.05 mC cm À2 for the highly-ordered microstructures. For the realistic scenario of a microstructure with random correlated polarization, we then perform a study as a function of increasing value of polarization density. We keep the pre-factor (g pre ) equal to unity, which signifies high recombination strength, and then simulate the device with and without the presence of ferroelectric polarization in domains. In addition, we vary the size of domains from 15 nm to 100 nm. Finally, we simulate the device with low recombination strength (g pre = 10
À4
) as reported via experiments in the literature. 10 A study as a function of the mobility and the langevin recombination pre-factor (g pre ) is presented as additional simulation results in the ESI. † Influence of ferroelectric polarization on device performance
The various device microstructures considered in our calculations are shown in Fig. 3a -e. These structures differ in the polarization direction and in domain sizes. Fig. 3a shows the structure where no polarization exists in the perovskite (from here on, this structure is referred to as the reference structure). Fig. 3b and c show structures with polarization in the AEX and AEY directions respectively (from here on, devices with these structures are referred to as vertical and lateral devices respectively). The approach used to obtain the short range (Fig. 3d ) and long range (Fig. 3e ) correlated structures is mentioned in the Methods section. Fig. 3d and e mimic the domain structures calculated by Frost et al. via the implementation of Monte-Carlo simulation of the polarized domain behavior in hybrid perovskites. 24 Given any structure, the bound charge is calculated on all domain boundaries (i.e. points where discontinuity in polarization occurs) following eqn (1) and is then incorporated in eqn (4) to be used in 3D drift diffusion simulation. For the high recombination strength (g pre = 1) scenario, the comparison between the simulated J-V characteristics of the perovskite solar cell for the model microstructures is shown in Fig. 4 . As evidenced by the shortcircuit current density (J SC ) and fill factor (FF) values, the presence of ferroelectric polarization in domains significantly affects the macroscopic device performance. In all cases, the depolarizing electric field arising from the bound charges at domain boundaries results in accumulation of carriers at domain boundaries as seen from the carrier concentration profiles shown in Fig. 5 . The domain boundaries are thus able to effectively separate the charge carriers in the bulk of the material. However, the mere presence of domain boundaries does not necessarily lead to efficient transport and extraction of carriers as explained below.
The potential along the length of the device is mapped in Fig. 6 for the vertical and lateral structures. In the vertical device structure, the domain boundaries act as barriers for efficient carrier transport toward the electrodes. This results in extraction of fewer charge carriers (majority of which are between the electrodes and the first and the last domain (Fig. 3a) , vertical device (Fig. 3b) and lateral device (Fig. 3c ). View Article Online boundary) at electrodes as compared to the device with no polarization, which leads to recombination at domain boundaries and an eventual loss in photocurrent. On the other hand, in the lateral device structure, charge carriers do not encounter any domain boundaries during their transport toward the extracting electrodes which explains the high photocurrent. The lateral domain boundaries can therefore be said to induce a channel-like behavior, where the segregated electrons and holes travel along the domain boundaries leading to efficient transport and low recombination loss. The fill factor (FF) which depends on the interplay between the charge transport, extraction and recombination in a device, 49 is therefore the highest in the case of the lateral structure. Note that, even for small value of polarization density (0.05 mC cm À2 ), the lateral structure shows high FF (84.1%), very close to the calculated idealized limit for FF 88% for a solar cell with V OC = 0.93 V. For more information on the idealized limit for FF, please refer to the ESI. † A further increase in the polarization density would therefore only cause a marginal increase in FF as it approaches the idealized limit. The vertical device structure has been recently studied in the context of inorganic ferroelectric photovoltaics, where the open-circuit voltage was shown to be higher than the band gap of the material. 18, 19 This phenomenon is a result of the high potential created by large number of domains boundaries with a potential step (DV 4 10 mV) forming a thick device (few micrometers), in addition to the strong polarization of 30-40 mC cm À2 in some inorganic ferroelectrics including inorganic perovskites. Their negligible photocurrent 18, 19 can be explained by the strong polarization which produces massive depolarizing fields which forces majority of the charge carriers in the device to recombine. On the other hand, hybrid perovskites films used in PSCs are only a few hundred nanometers thick with fewer domain boundaries, and hybrid perovskites show a low polarization strength of only a few mC cm
À2
. This results in a weak depolarizing field arising from the bound charges on domain boundaries in hybrid perovskite films, which leads to only small potential step (DV) at domain boundaries and no significant alteration in the potential along the device. Therefore, no significant improvement in the open-circuit voltage is observed in the case of the vertical device structure in PSCs as seen in Fig. 4 . Fig. 7a and b show the simulated J-V curves for the lateral and vertical device respectively for variation in the size of domains. To examine the influence of domain size on the device performance of PSCs, we simulate the lateral and vertical device structures with domain sizes ranging from 15 to 100 nm under the consideration of high recombination strength. Large domains give rise to fewer domain boundaries in the device. In addition, the depolarizing field strength arising from the bound charges on domain boundaries falls inversely with squared distance, according to the Coulomb's law, from the domain boundaries into the domain bulk. This results in lower density of segregated charges at domain boundaries which can be efficiently extracted at the electrodes. Hence, devices with large domain size show poor performance as can be seen in Fig. 7a . In the case of lateral device structure, domain size smaller than 30 nm shows poor performance (not shown in figure) . This is due to the recombination of segregated charges at adjacent domain boundaries, which increases with decrease in the domain size. For the case of vertical device structure, the photocurrent arises from the charge carriers segregated at domain boundaries close to the electrodes and the those charge carriers between the cathode and the first domain boundary, and between the anode and the last domain boundary. Since the decrease in the number of domain boundaries leads to fewer and thicker domains, the change in the photocurrent for the vertical device is not significant as seen from Fig. 7b . Now, if the polarization in the domains were to be strong, as is the case with some inorganic perovskites, the massive depolarizing field would result in recombination of majority of charge carriers at domain boundaries and the photocurrent would only originate from the charges between the electrodes and the first and last domain boundaries. This, once more echoes the observation of low photocurrent in inorganic perovskite devices. Also, as seen in Fig. 7b , the marginal increase in V OC with decrease in domain size or increase in number of domain boundaries agrees with the finding by Yang et al. where they observe increase in V OC with increase in the number of domain boundaries. 18 The highly ordered polarization domain microstructures shown in Fig. 3b and c are unlikely to occur in actual devices. In a systematic study, Frost et al. modeled the domain behavior by means of Monte-Carlo simulations providing insight into the formation of domain structures in hybrid perovskites. 24 In order to study similar domain structures, we construct and simulate two complex structures with small (10 nm) and large (100 nm) domains defined by short-order and long-order correlated polarization in the perovskite as shown in Fig. 3d and e respectively. Fig. 8a compares the simulated J-V curves for different values of the polarization strength for short-order correlated microstructure. As can be seen, the fill factor (FF) is the parameter which is influenced most significantly with increasing polarization strength. The variation of the FF with polarization density is shown in Fig. 8b for both microstructures.
As the FF is a directly influenced by the efficiency of charge transport and the degree of recombination in a solar cell, it is evident that the presence of polarization in the perovskite can result in enhanced charge transport and lowering of recombination in a perovskite solar cell (PSC). Since these complex microstructures can be considered to be a composite of the two previously discussed microstructures (Fig. 3b and c) , the lateral structure (Fig. 3c ) that shows high FF and channel like behavior for charge transport dominates the device operation in these complex microstructures. From Fig. 8b , the FF reaches 83.9% when P = 0.15 mC cm À2 for short-order correlated microstructure and 84.1% when P = 0.125 mC cm À2 for long-order correlated microstructure, which is very close to the idealized limit for FF 88% for a solar cell with V OC = 0.93 V. Although the ab initio value of polarization in the perovskite is reported to be few mC cm
, 23, 48 an order of magnitude higher than considered here, a further increase in the value of polarization would lead to a marginal increase in FF.
In the case of vertical device (Fig. 3b) , the increase in the polarization strength would lead to increase in the V OC and decrease in J SC and FF as shown in ref. 19 . For the case of lateral device (Fig. 3c) , increase in polarization strength would only result in a small increase in FF as the value approaches the idealized limit for FF.
We now consider the scenario of intrinsically low recombination strength in the perovskite by setting the pre-factor for bimolecular recombination, g pre = 10
À4
. This approximate value has been reported by Wehrenfenniget al. in their experimental work. 10 The comparison between simulated J-V curves for the case with and without polarization in high recombination strength (g pre = 1) scenario, and no polarization in intrinsically low recombination strength (g pre = 10
) scenario, is shown in Fig. 9 . Depending on the microstructure, presence of polarization can either result in poor device performance as in the case of vertical domains or can give high fill factor and short-circuit current values as in the case of lateral domains and random correlated structures. However, no device structure is able to explain the high open-circuit voltage (1.1 V) which is characteristic of high performance PSCs. 25, 50 On the other hand, the device with intrinsically low recombination strength yields a FF of 86.2%, J SC of 235 A m À2 and notably, a high V OC of 1.08 V comparable to the V OC of high performance PSCs. This suggests that, the ferroelectric polarization is unlikely to explain the origin of high V OC of PSCs, and the origin is essentially intrinsic to the perovskite material.
Conclusions
We studied the influence of mesoscale ferroelectricity in perovskite film on the device performance of the perovskite solar cell, including the short-circuit current (J SC ), the fill factor (FF), and the open-circuit voltage (V OC ). We simulated the working of the solar cell with a 3D drift diffusion model and incorporated the mesoscale ferroelectricity in perovskite films by accounting for the bound charge on the polarized domain boundaries. To examine the role of ferroelectricity in the lowering of apparent charge recombination strength in the device, we considered two cases viz.
(1) a high recombination strength (g pre = 1) in presence of ferroelectric polarization scenario, and (2) a low recombination strength (g pre = 10
À4
) scenario. In the context of charge recombination, we also investigated the effects that the orientation of the polarization in domains and the size of the domains has on the device performance of the solar cell. We showed that ferroelectric polarization in the perovskite material significantly influences the short-circuit current and fill factor of the solar cell.
We demonstrated that the depolarizing field arising from bound charges is able to effectively separate opposite charge carriers in the bulk of the material resulting in the accumulation of charge carriers at domain boundaries. Polarization along the thickness of the device, which leads to formation of domains parallel to the electrodes, showed poor device performance as electrons and holes buildup at the domain boundaries and eventually recombine to give low short-circuit current and fill factor, with marginal improvement in open-circuit voltage. A device with ordered domains perpendicular to the electrodes and having polarization in the plane of the device showed high J SC and FF, as electrons and holes encounter no domain boundaries during their transport toward the electrodes. We also examined the influence of the domain size on the device performance, and showed that, for lateral devices the domain size significantly influences charge segregation and recombination dynamics in the device. For vertical devices, owing to the low polarization strength found in hybrid perovskites, the variation in domain size was found to have a marginal influence on the device characteristics.
The presence of highly-ordered polarized domains in the perovskite leads to creation of channels for efficient charge transport and lowering of charge recombination in the device which results into high fill factor (FF) and short-circuit current (J SC ). Such ordering is however, unlikely to occur in actual devices. In the case of random correlated polarization in domains, a realistic scenario, we showed that electrons and holes appear to follow channels or pathways in the perovskite, giving rise to efficient charge transport and low charge recombination in the solar cell as evidenced by high FFs. Finally, we showed that the high V OC , which is distinctive feature of PSCs, can only be explained by the consideration of the intrinsically low recombination strength (g pre = 10 À4 ) in hybrid perovskites.
Methods
Design of device microstructure with short-order and long-order correlated polarization
We fixed the average value of the polarization, P avg in the perovskite to P = 0.05, 0.075, 0.1, 0.125, 0.15 mC cm À2 . Initially, the polarization value and direction is set randomly for every grid point in 3D space. Now, a correlation is introduced by smoothing of polarization values at grid points enclosed in a averaging length (r x , r y and r z ) in all three dimensions. The value of the averaging length determines the correlation range in the final structure. The structure shown in Fig. 3d was constructed by setting r x = r y = r z = 2 grid points, while the one shown in Fig. 3e was constructed by setting r x = r y = r z = 10 grid points. The smoothed correlated values were then renormalized with P avg to obtain the final polarization map which defines the microstructures. We made ten realizations for each of the two microstructures. Fig. 9 Simulated J-V curves for various device structures with high recombination strength (g pre = 1) and low recombination strength (g pre = 10 À4 ). High V OC , which is distinctive of PSCs, can only be explained by the consideration of low recombination strength.
